Introduction
Réunion is a French overseas territory located in the South-West Indian Ocean (SWIO). It is an island located between Madagascar and Mauritius, with, in 2013, a population of 840,000 inhabitants. Daily exchanges of goods and people occur between Réunion and other islands of the SWIO, which include the Comoros, Madagascar, Mauritius, Mayotte and the Seychelles. Medical facilities in Réunion are similar to those in mainland France, and there are more than 1,000 general practitioners (GP) distributed throughout the island, as well as four hospitals and six emergency departments (ED).
In tropical countries with high population density, epidemics of viral conjunctivitis occur mainly during the hot and rainy season [1] . They are mostly attributed to adenoviruses and enteroviruses (EV) [2, 3] . Enteroviruses are ubiquitous pathogens responsible for a large range of infections [3] . There is no specific antiviral treatment. The two main serotypes of EV associated with acute haemorrhagic conjunctivitis (AHC) are enterovirus 70 (EV-70) and coxsackievirus A24 (CV-A24v). CV-A24v was detected for the first time during an outbreak in Singapore in 1970 [4] . The outbreaks of conjunctivitis caused by CV-A24v are particularly explosive, whereby the disease is highly contagious, and has a very short incubation period (12 hours to 3 days), leading to high attack rates [5] . In 2002, an epidemic of AHC due to CV-A24v occurred in South Korea, involving more than a million cases. The virus then spread in worldwide causing a pandemic [3] .
Although a large outbreak of conjunctivitis with more than 12,000 cases was detected in 2012 in Mayotte [6] , no outbreak of conjunctivitis in Réunion has been described in the 10 years prior to 2015. At the end of January 2015 however, a cluster of cases of conjunctivitis was detected in the west part of the island in the municipality of Saint-Paul, by a surveillance network that monitors data from emergency departments (ED), i.e. the 'Organisation de la surveillance coordonnée des urgences' (OSCOUR). Further investigations revealed the beginning of an outbreak that spread throughout the island.
Methods

Epidemiological surveillance
In Réunion, conjunctivitis is monitored routinely by the OSCOUR network [7] . This syndromic surveillance system is based on data collected by the six EDs of the island. Data are collected daily directly from patients' computerised medical files that are filled in during medical consultations [8] . For each ED visit, several variables are collected, including patient age, sex, city of residence and the diagnosis. This allows for analysis by syndromic groups, age groups and geographical areas. The diagnosis is categorised according to the 10 th revision of the international Classification of Diseases (ICD-10) [9] . Several indicators are routinely monitored, including the number of ED visits for conjunctivitis (ICD-10 codes B30 and sub-codes, codes H10 and sub-codes, codes H11 and sub-codes). Temporal and spatio-temporal analyses are carried out every day from these data.
On 27 January 2015, data from the OSCOUR network allowed to detect a cluster of conjunctivitis cases in the municipality of Saint-Paul during week 4 (20 to 27 January 2015). The same day, six GPs of this municipality were interviewed by phone and they confirmed an outbreak. On 28 January 2015, after interview, several sentinel GPs reported that the outbreak had spread to the whole island. In this context, from the end of January (week 5) routine surveillance was enhanced by specific surveillance of conjunctivitis using data from sentinel GPs and a sentinel population network.
The sentinel GPs' network is based on 56 volunteer GPs located throughout the island, who report to the regional office of the French Institute for Public Health Surveillance (Cire OI) the weekly number of consultations for acute respiratory infections and acute diarrhoea and the total number of consultations [10, 11] . These GPs are easily mobilised at the onset of any health event on the island and they can be asked to add specific items to their weekly report. At the beginning of the week 5, the Cire OI suggested to the sentinel GPs to report, in addition to usual indicators, the weekly number of consultations for conjunctivitis according to the following case definition: inflammation of the eye with burning sensation or watering eyes or lacrimal secretion or light sensitivity. To estimate the total number of consultations for conjunctivitis on the whole island, data from the GPs were extrapolated using data from the national health insurance centre of Réunion (Caisse Générale de Sécurité Sociale; CGSS) [11, 12] . Each week, the CGSS sent by email to Cire OI, the aggregated number of medical consultations and home visits carried out in the prior week (week -1) by GPs and reimbursed by CGSS. The transmitted data concerned 72% of the population of the island.
Since April 2014, the Cire OI pilots an experimental surveillance system based on the use of the Internetbased cohort 'Koman i lé'. Individual volunteers aged over 18 years with Internet access and living in Réunion are included. In total, 350 adult volunteers contribute to this surveillance system. They fill in anonymously a short survey every week asking if they had any of 17 symptoms during the previous week [13] . Each week for each symptom, the percentage of participants who presented the symptom compared with all participants who answered the questionnaire is calculated. This allows monitoring trends of different symptoms. Among these symptoms, one is 'red-eyes'.
Data from these three surveillance systems were analysed by the Cire OI.
Furthermore, to assess the impact on the population, the use of collyrium was monitored in real time. A supplier of some 40% (100/250) of the pharmacies on the island sent to the Cire OI its data on eye drop sales Percentage of consultations for conjunctivits GP: general practitioner.
The estimation of weekly consultations for conjunctivitis = A/(B/C*D) where: A is the weekly number of sentinel general practitioner's (GP) consultations for conjunctivitis; B is the weekly number of sentinel GP's consultations all causes; C is the weekly number of consultations carried out by all GPs and reimbursed by the national health insurance centre of Réunion (CGSS); D is the coverage of CGSS data in general population (72%).
Figure 3
Trends of collyrium sales by municipality, Réunion, 19 January-12 avril 2015 (n=24 municipalities)
from the beginning of 2015. For each municipality on the island, collyrium sales for weeks 4 to 15 were compared with the average collyrium sales in weeks 2 and 3, before the outbreak.
Virological screening of conjunctival specimen
In order to determine the aetiology of this outbreak, sentinel GPs were encouraged to collect swabs from conjunctivitis cases. As a first step, twenty-six conjunctivitis specimens were analysed by the hospital laboratory of Saint-Denis using a real-time polymerase chain reaction (RT-PCR) detecting adenoviruses (Adenovirus R-gene, bioMérieux) and a multiplex PCR detecting enteroviruses (Respifinder Smart 22, Pathofinder).
Molecular typing of enterovirus positive samples and phylogenetic analyses
Among the conjunctivitis specimens testing positive for enteroviruses, ten randomly selected samples were sent to the National Reference Centre for Enteroviruses (Lyon, France) for further characterisation. Partial viral protein 1 (VP1) coding sequences were determined using the Nix method [14] and identified as CV-A24v strains using Basic Local Alignment Search Tool (BLAST) software [15] . For phylogenetic analysis, a nt alignment (330 bp) including nine of the 10 VP1 sequences determined from conjunctival specimens (one sequence of shorter length was excluded), thirty selected CV-A24 VP1 sequences from clinical strains representative of the genotypes I, II, II and IV and the prototype CV-A24 strain (Joseph) was performed. Genetic distances were calculated with the Tamura-Nei model of evolution. The tree was constructed by the neighbour-joining method using molecular evolutionary genetics analysis (MEGA)5 and validated using 1,000 bootstrap pseudoreplicates. The nine VP1 sequences determined in this study, and included in the phylogenetic analysis, were deposited in GenBank database (accession numbers: KR399980-KR399986; KR399988; KR478685). Two of those were deposited as part of a complete genome sequence (see below).
Metagenomic sequencing and de novo assembly of consensus sequences
Metagenomic sequencing was attempted on three conjunctival swab specimens. Viral nucleic acid enrichment was performed by a combination of centrifugation (10 min at 6,000 x g), filtration (at 0.45 μm) and nuclease treatment using 0.1 U μL − 1 Turbo DNAse (Life Technologies) as described before [16] . Nucleic acid extraction was then performed with a NucliSens easyMAG magnetic bead system (BioMérieux). cDNA synthesis was performed as described before [17] with some modifications. Reverse transcription was performed with 50 ng of random hexamers (New England Biolabs) and 200 U of SuperScript III reverse transcriptase enzyme (Life Technologies) followed by RNA digestion with 2 U of RNase H (Life Technologies). After the reverse transcription reaction, second strand synthesis was performed with 5 U Klenow frament (3′-5′ exo-) (New England Biolabs) and 1 µg of random hexamers. cDNA was purified and concentrated using a DNA Clean and Concentrator column (Zymo Research) and the totality of the specimen was used to prepare sequencing libraries using NEBNext Fast DNA Fragmentation and Library Prep Set for Ion Torrent (New England Biolabs) with 12 PCR cycles. The three barcoded libraries were pooled at equimolar concentrations and sequenced on an Ion Torrent PGM instrument (Life Technologies) with an Ion 318 Chip v2. Ion Torrent data was de-multiplexed and quality-trimmed using Ion Torrent Suite software (version 4.4.2). Reads were then assembled using MIRA (v. 4.0.1) [18] and contigs were further merged via V-Fat [19] . Two of the three resulting consensus sequences were deposited into GenBank database (KR399988; KR478685). Consensus sequences were aligned with all complete CV-A24 sequences available in GenBank and potential recombinations were assessed by using the bootscanning method implemented in SimPlot [20] .
Results
Outbreak detection
At the end of January 2015, the spatio-temporal analysis of data from the OSCOUR network allowed to detect a cluster of conjunctivitis cases in the municipality of Saint-Paul that had occurred during week 4 (20 to 27 January) 2015. GPs in the area, as well as the sentinel GPs in the whole island were interviewed. They confirmed an increase in cases and highlighted that it concerned the whole island. Several practitioners also reported a clinical picture compatible with a highly contagious viral infection.
Outbreak description Emergency department visits for conjunctivitis
The peak of emergency department visits for conjunctivitis was reached in week 10 (first week of March). The first increase of ED visits in 2015 was visible in week 5, when the beginning of the epidemic was detected. From week 1 to week 17, a total of 277 ED visits for the disease were recorded on the whole island, against 162 over the same period in 2014 (Figure 1 ).
The ratio male/female was 1.4 (160/117). The analysis by age group showed that 44% (122/277) of patients who presented to the ED for conjunctivitis were under 20 years of age, and 55% (152/277) were under 30 years-old (Table) . The repartition by age of the patients was not statistically different compared with 2014: 48% (78/162) under 20 years and 58% (94/162) under 30 years.
Consultations for conjunctivitis of sentinel general practitioners
The beginning of the outbreak in week 5 was confirmed by the GPs' network. Their reports showed that the outbreak had spread throughout the island in late January and ended in week 17 (end of April) (Figure 2 ). The outbreak lasted 12 weeks. The epidemic peak was reached in week 11, one week later than in the ED. For each of the weeks 10 and 11, more than 20,000 consultations for conjunctivitis were estimated, and the whole island was affected. The total number of consultations for conjunctivitis on the whole island during this outbreak was estimated to be ca 100,000. The epidemic curve shows a highly contagious outbreak.
Results from 'Koman i lé'
From week 8 to week 10, the percentage of participants reporting red eyes was between 7% (7/104) in week 8 and 8% (8/106) in weeks 9 and 10. In contrast this percentage was 3% (3/108) in week 7. Overall among adults having declared that they had red eyes during this period, 22% (5/23) consulted a GP. Phylogenetic analysis based on partial VP1 coding sequences (330 bp) of CV-A24v strains. The analysis included nine VP1 sequences determined in this study from conjunctival swab specimens collected during the outbreak in Réunion (shown by a dot), thirty selected sequences from clinical strains representative of the genotypes I, II, II and IV and the prototype CV-A24 strain (Joseph). Genetic distances were calculated with the Tamura-Nei model of evolution. The tree was constructed by the neighbour-joining method using molecular evolutionary genetics analysis (MEGA)5 and validated using 1,000 bootstrap pseudo-replicates. The nine VP1 sequences determined in this study and included in the phylogenetic analysis were deposited in GenBank database (accession numbers: KR399980-KR399986; KR399988; KR478685).
Data from the supplier
Data from the supplier of the pharmacies showed that the sales of eye drops increased rapidly on the whole island ( Figure 3 ). Sales were multiplied by twenty in 11 municipalities during week 10 and in eight municipalities during week 11. Almost all municipalities of the island were affected. However, coastal municipalities were more impacted than municipalities in the centre of the island, which are located in mountainous areas and less populated.
Laboratory investigations
Of the twenty-six swabs collected by the sentinel GPs, twenty-three of them tested positive by RT-PCR for enteroviruses and negative for adenoviruses. Ten randomly selected samples were sent to the National Reference Centre for Enteroviruses for further characterisation. CV-A24v belonging to genotype IV was identified in all the samples by sequencing of the VP1 coding region (Figure 4 ). The 10 VP1 partial nt sequences shared a 99.1 to 100% nt identity and had 95.1 to 97.9% nt similarity with sequences from genotype IV isolates previously identified in AHC outbreaks in Egypt (2010) [21] , Japan (2011) [22] , China (2007 and 2010) [23] [24] [25] , Brazil (2009) [26] , India (2007) and Singapore (2005) [27] (Figure 4 ). They also grouped in a larger cluster containing the VP1 sequence from a genotype IV isolate detected in a traveller returning from Comoros to France in 2012 (Figure 4 ; accession number JX196594). Two whole genome sequences were generated by a metagenomic approach and showed a 97.2-97.3% similarity with sequences from Japanese strains detected in 2011 in Okinawa [22] . Similarity plots provided no evidence of recombination (data not shown).
Discussion
Between January and April 2015, a major outbreak of AHC occurred in Réunion, being the first of such outbreaks ever described on the island. The outbreak was caused by strains of CV-A24v belonging to genotype IV. In a phylogenetic analysis, nt sequences of the outbreak strains grouped with other strains identified since 2002 in AHC outbreaks in Africa, America and Asia. Within this group, the sequences from this study were most closely related to those of recent AHC outbreaks (i.e. China 2010, Egypt 2010 and Japan 2011), which belong to a sub-cluster that might have emerged between 2008 and 2009 [22] .
During the same period as the Réunion outbreak, an outbreak of conjunctivitis also occurred in Mauritius, but the only viral aetiology identified was adenovirus. Then, in early March, similar outbreaks began in Madagascar and the Seychelles but no data are available on the causative agents. Three years prior, from February to May 2012, Mayotte had experienced an outbreak of acute conjunctivitis, most likely caused by a CV-A24v closely related to the isolates associated with the Réunion outbreak [6, 28] .
Because outbreaks of AHC can reappear and due to the frequent exchanges between Réunion and mainland France, there is a recurring risk of further exportation of the virus to France and other European countries through returning travellers. The exchanges between the SWIO islands are also important but surprisingly the two concomitants conjunctivitis outbreaks in Mauritius and Réunion were due to different viruses. This highlights the need for specific laboratory investigations in each island even when similar outbreaks occur in the same period.
In Réunion, information about the outbreak was broadcasted to the population [29] , by the local media (radio, television and websites) together with advice on how to avoid infection. For example, following good hygiene practices was recommended, such as washing hands regularly with soap and water, avoid rubbing eyes and using clean water or a disposable tissue to rinse eyes. The first epidemiological report was broadcasted on 30 January 2015 and the last on 30 April 2015. In total, nine weekly epidemiological reports were published.
This study shows the usefulness of several complementary surveillance systems. It also underscores the importance of cooperation between different health professionals, which were quickly mobilised. The different surveillance systems produced consistent results. Indeed, the OSCOUR network, the sentinel GP network and the sentinel population network 'Koman I lé' showed the same outbreak dynamic. Moreover, the most important sales of collyrium occurred in weeks 10 and 11, which corresponds to epidemic peaks visible by the three other surveillance systems.
Nevertheless, each of these systems presents strengths and limits.
The main strength of the OSCOUR network is that it enabled early detection of the outbreak because the data are collected, sent and analysed on a daily basis. Second, several variables are collected for each patient, including age and city of residence, which allows for analysis by age groups, and geographical areas. Moreover, data from the six EDs of the island are transmitted daily since 2009, so comparisons are possible with previous years. The limitation of the OSCOUR network is that it is not the most appropriate surveillance system for monitoring conjunctivitis because few patients go to ED for this pathology. OSCOUR is able to detect community outbreaks but not to assess their range or to monitor their evolution.
The sentinel GPs' network is particularly suitable for monitoring conjunctivitis, this pathology not usually being severe. Moreover, the data from this network, coupled with those from the national health insurance contributed to estimate the impact of the epidemic in terms of number of consultations and to follow its dynamics. Even if this network is less reactive than the OSCOUR network because the data are transmitted once a week, activation of GPs for the surveillance of conjunctivitis was adequate to monitor the outbreak. Nevertheless, no historical data are available to make comparisons with previous years. As this network saw only people seeking medical care for their conjunctivitis, people using self-medication or using traditional phytotherapy, who are numerous on the island, were not taken in account in the assessment of the outbreak burden. Indeed, the outbreak was probably more important than estimated by the GPs' network.
The sentinel population 'Koman i lé' is a new project directly involving the population, including people not consulting their doctors when they are sick. The weakness is that this system is not representative for the population of Réunion. Indeed, only adults can participate, and the elderly are not much involved because they do not use the Internet much. Moreover, some municipalities are still under-represented. At the current stage of development of 'Koman i lé', it is not possible to extrapolate the results of this system to the general population and to use it to evaluate the real burden of an epidemic. In the future, if the number of participants increases, it will be possible to better monitor health events in the community.
The surveillance based on sales of collyrium provides data stratified by municipalities, shows the spatiotemporal dynamic. However, this monitoring is not exhaustive because the supplier who sends its data does not provide for all pharmacies of the island. Nevertheless, data were congruent with those of the others systems and were sufficient to describe the dynamics of the epidemic in the island.
Despite some weaknesses of the surveillance systems, the analyses of all of these complementary sources of data allowed to describe and characterise the outbreak. Information produced by this surveillance system enabled to health authorities to adapt prevention actions to the dynamic of the outbreak.
